1 1. The abyssal seafloor covers more than 50% of planet Earth and is a large reservoir 2 of still mostly undescribed biodiversity. It is increasingly under target of resource-extraction 3 industries although being drastically understudied. In such remote and hard-to-access 4 ecosystems, environmental DNA (eDNA) metabarcoding is a useful and efficient tool for 5 studying biodiversity and implementing environmental impact assessments. Yet, eDNA 6 analysis outcomes may be biased towards describing past rather than present communities as 7 sediments contain both contemporary and ancient DNA. 8 2. Using commercially available kits, we investigated the impacts of five molecular 9 processing methods on DNA metabarcoding biodiversity inventories targeting prokaryotes 10 (16S-V4V5), unicellular eukaryotes (18S-V4), and metazoans (18S-V1, COI). As the size 11 distribution of ancient DNA is skewed towards small fragments, we evaluated the effect of 12 removing short DNA fragments via size-selection and ethanol reconcentration using DNA 13 extracted from 10 g of sediment at five deep-sea sites. We also compare communities revealed 14 by DNA and RNA co-extracted from 2 g of sediment at the same sites. 15 3. Results show that removing short DNA fragments does not affect alpha and beta 16 diversity estimates in any of the biological compartments investigated. Results also confirm 17 doubts regarding the possibility to better describe live communities using environmental 18 RNA (eRNA). With ribosomal loci, RNA, while resolving similar spatial patterns than co-19 extracted DNA, resulted in significantly higher richness estimates, supporting hypotheses of 20 increased persistence of ribosomal RNA (rRNA) in the environment and unmeasured bias 21 due to over-abundance of rRNA and RNA release. With the mitochondrial locus, RNA 22 detected lower metazoan richness and resolved less spatial patterns than co-extracted DNA, 23 reflecting high messenger RNA lability. Results also highlight the importance of using large 24 amounts of sediment (≥10 g) for accurately surveying eukaryotic diversity. 25
4.
We conclude that DNA should be favoured over RNA for logistically realistic, 26 repeatable, and reliable surveys, and confirm that large sediment samples (≥10 g) deliver more 27 complete and accurate assessments of benthic eukaryotic biodiversity and that increasing the 28 number of biological rather than technical replicates is important to infer robust ecological 29 patterns. 30 31 Keywords: environmental metabarcoding, RNA vs DNA, extracellular DNA, deep-32 sea biodiversity, Bacteria (16S); Benthic ecology; Biomonitoring; eukaryotes (18S and COI); 33
Method testing 34 35 1. Introduction 36 Environmental DNA (eDNA) metabarcoding is an increasingly used tool for 37 biodiversity inventories and ecological surveys. Using high-throughput sequencing (HTS) 38 and bioinformatic processing, it allows the detection or the inventory of target organisms 39 using their DNA directly extracted from soil, water, or air samples (Taberlet, Coissac, 40 Hajibabaei, & Rieseberg, 2012). As it does not require specimen isolation, it represents a 41 practical and efficient tool in large and hard-to-access ecosystems, such as the marine realm. 42
Besides allowing studying various biological compartments simultaneously, metabarcoding is 43 also very effective for detecting diversity of small organisms (micro-organisms, meiofauna) 44 largely disregarded in visual biodiversity inventories due to the difficulty of their 45 identification based on morphological features (Carugati, Corinaldesi, Dell'Anno, & 46 Danovaro, 2015) . 47
The deep sea, covering more than 50% of Planet Earth, remains critically 48 understudied, despite being increasingly impacted by anthropogenic activities and targeted by 49 resource-extraction industries (Ramirez-Llodra et al., 2011). The abyssal seafloor is mostly 50 composed of sedimentary habitats containing high numbers of small (< 1 mm) organisms, 51 and characterized by high local and regional diversity (Grassle & Maciolek, 1992; Smith & 52 Snelgrove, 2002) . Given the increased time-efficiency offered by eDNA metabarcoding and 53 its wide taxonomic applicability, this tool is a good candidate for large-scale biodiversity 54 surveys and Environmental Impact Assessments (EIAs) in the deep-sea biome. 55 eDNA is a complex mixture of genomic DNA present in living cells, extra-organismal 56 DNA, and extracellular DNA originating from the degradation of organic material and 57 biological secretions (Torti, Lever, & Jørgensen, 2015) . Extracellular DNA has been shown 58 to be very abundant in marine sediments, representing 50-90% of the total DNA pool 59 ( inventories for most eukaryotic groups, but found that both biomolecules detected similar 86 patterns of ecological differentiation, concluding that "dead" DNA did not blur patterns of 87 community structure. coworkers (2018, 2017) found stronger responses to 88 environmental impact in alpha diversity measured with eRNA, while eDNA was better at 89 detecting effects on community composition. Finally, long-term archived and even fossil 90 RNA were also reported in sediment and soil (Cristescu, 2019; Orsi, Biddle, & Edgcomb, 91 2013), casting doubts as to its advantage over DNA to inventory contemporary biodiversity. 92
The design of a sound environmental metabarcoding protocol to inventory 93 biodiversity on the deep seafloor relies on a better understanding of the potential influence of 94 aDNA on the different taxonomic compartments targeted. Using commercially available kits 95 based on 2 g and 10 g of sediment, we studied samples from five deep-sea sites 96 encompassing three different habitats and spanning wide geographic ranges, in order to select 97 an optimal protocol to survey contemporary benthic deep-sea communities spanning the tree 98 of life. We analyse eDNA and eRNA extracts via metabarcoding, targeting the 16S ribosomal 99 RNA (rRNA) barcode (Parada, Needham, & Fuhrman, 2016) cores were collected with a multicorer or with a remotely operated vehicle at each sampling 115 site. The sediment cores were sliced into layers, which were transferred into zip-lock bags, 116 homogenised, and frozen at −80°C on board before being shipped on dry ice to the 117 laboratory. The first layer (0-1 cm) was used for the present analysis. In each sampling series, 118 an empty bag was kept as a field control processed through DNA extraction and sequencing. 119 120 Additionally, for metazoan loci, all clusters with a terrestrial assignment (groups known to be 186 terrestrial-only) were removed. Samples with less than 10,000 target reads were discarded. 187
Nucleic acid extractions and molecular treatments
We performed an abundance renormalization to remove spurious ASVs/OTUs due to random 188 tag switching . The COI OTU table was further (Table S 5 ). One to seven sediment samples failed amplification in each dataset. 231
These were always coming from the same sampling sites (MDW-ST117 and MDW-ST38), 232 and predominantly comprised RNA samples (Table S 5 ). After bioinformatic processing, read 233 numbers were reduced to 44 million for 18S-V1, 45 million for COI, 16 million for 18S-V4, 234 and 24 million for 16S-V4V5 (Table S 5 ). For eukaryote markers, less reads were retained in 235 negative controls (2-64%) than in true or mock samples (49-83%), while the opposite was 236 observed for 16S-V4V5 (62% of reads retained in control samples against 49-57% in true 237 samples). Negative control samples (extraction and PCR blanks) contained 0.001-0.6% of 238 total processed reads, compared to 1.3-1.5% in a true samples. 239 DNA extracts obtained from the joint DNA/RNA protocol based on 2 g of sediment 240
produced less eukaryotic reads than DNA extracts from the 10 g kit, while similar yields were 241 obtained for prokaryotes. RNA extracts produced more reads than DNA extracts with the 242 ribosomal loci, while they produced less reads with the mitochondrial COI locus ( 
Alpha diversity between processing methods

250
Rarefaction curves showed a plateau was reached for all samples, suggesting an 251 overall sequencing depth adequate to capture the diversity present ( Fig. S 1) . Processing 252 methods significantly affected the number of recovered eukaryote and prokaryote clusters, 253 and significant variability among sites was detected for 18S-V1V2 and 18S-V4 (Table 1, Figs  254 1-S 2). 255 256 Molecular processing designed to remove small DNA fragments (i.e. size-selection of 257 DNA to remove fragments < 1,000 bp and ethanol reconcentration) did not significantly 258 affect recovered cluster numbers obtained from eDNA extracted from 10 g of sediment, for 259 any of the loci investigated ( Fig. 1, Table 1 , Tukey's HSD multiple comparisons tests, p>0.9). 260
Extracts based on 2 g of sediment resulted in more variability, reflected by greater 261 standard errors in mean recovered cluster numbers (15-26% of the mean for eukaryotes, 7-9% 262 for prokaryotes) than in DNA extracts based on 10 g of sediment (8-11% for eukaryotes, 3-263 6% for prokaryotes). 264 DNA extracted from 2 g of sediment recovered significantly less eukaryotic clusters 265 than extracts based on 10 g (Fig. 1, Table 1 ), a trend consistent across most taxa (Fig. 2) . OTUs, 14% of protistan 18S-V4 ASVs, and 25% of prokaryotic 16S ASVs (Fig. S 3) . With 278 COI, most unique OTUs were present in DNA extracts (74%), and RNA detected 279 significantly less metazoan OTUs than co-extracted DNA (mean of 44±12 vs. 113±27 per 280 sample), a trend observed in all detected metazoan phyla (Fig. 2) . Contrastingly, with 281 ribosomal loci, most clusters were unique to RNA (56% for 18S-V1, 63% for 18S-V4, 45% 282 for 16S, Fig. S 3) , which recovered significantly more clusters than co-extracted DNA (Fig.  283 1, Table 1 ). For prokaryotes, RNA extracts even detected significantly more ASVs than DNA 284 extracts based on 10 g of sediment (Table 1, Fig. 1 ), a pattern observed in most prokaryotic 285 clades, except for the Actinobacteria, Nanoarchaeaeota, Omnitrophicaeota, and the 286 Thaumarchaeota (Fig. 2) . For 18S-V4 and 18S-V1, RNA detected a cluster richness 287 comparable to DNA-10 g extracts (Tukey's HSD multiple comparisons tests, p>0.16), yet, 288 average cluster numbers per sample were higher in RNA than in DNA-10g extracts in 289 numerous groups (Fig. 2) . 290 291 Table 1 . ANODEVs and PERMANOVAs for the four studied genes. The ANODEVs were performed on mixed models with negative binomial distributions based on rarefied datasets. The PERMANOVAs were calculated on normalised datasets by permuting 10,000 times with Site as a blocking factor, using Jaccard distances for 18S-V1V2 and COI, and Bray-Curtis distances for 18S-V4 and 16S-V4V5. Significant p values are in bold. For pairwise comparisons, DNA 10g comprises all DNA 10g processing methods, and significance codes are p<0.001: '***'; p<0.01: '**'; p<0.05: '*'. 
Effect of molecular processing methods on beta-diversity patterns
293 294 PERMANOVA showed that, although site was the main source of variation among 295 samples (accounting for 20 to 57% of variability), significant differences existed among 296 molecular methods in terms of community structure for all loci investigated over and above 297 any variation due to site (Table 1) . Pairwise comparisons indicated no significant effect of 298 small DNA fragment removal on revealed community composition (Table 1) , and high and 299 significant correlations in Mantel tests (r: 0.92-1.0, p=0.001) confirmed the minor effect of 300 size-selection and ethanol reconcentration. Based on these results, the size-selected and 301 ethanol-reconcentrated DNA data were removed from further analyses, and community 302 structures of the DNA-10g extracts were compared with those derived from co-extracted 303 DNA/RNA using the 2g kit. 304
Pairwise comparisons showed significant differences in community structures 305 between RNA and DNA for all markers analysed (Table 1) . Ordinations, confirmed the 306 predominant effect of site as the first two PCoA axes mostly resolved spatial effects (Figs S 307 4), but also revealed that communities detected by RNA differed from those detected by 308 DNA (co-extracted DNA and DNA-10g), the level of differentiation varying among sites 309 ( Fig. 3) . 310
Pairwise comparisons also indicated significant differences in community structure 311 between DNA extracts from the 2 g and 10 g kits (Table 1) , possibly due to higher variability 312 among replicate cores in the DNA-2g method as seen in ordinations (Fig. 3) . confirmed that site was the predominant effect, explaining ~20% of variation for metazoans, 318 33% of variation for micro-eukaryotes, and 54% of variation for prokaryotes. The analysis 319 also indicated that the differences observed between processing methods were predominantly 320 due to the type of nucleic acid rather than the kit used for extraction. Nucleic acid nature 321 Figure 3 . PCoA ordinations showing community differences between RNA and DNA molecular processing methods, using either DNA/RNA extracted jointly from 2 g of sediment or DNA extracted from 10g of sediment in five deep-sea sites using four barcode markers targeting metazoans (18S-V1, COI), micro-eukaryotes (18S-V4), and prokaryotes (16S-V4V5). PCoAs were calculated using Jaccard dissimilarities for metazoans and Bray-Curtis dissimilarities for unicellular organisms.
(DNA vs RNA) led to significant differences among assemblages for all loci, while DNA 322 extraction kit resulted in significant differences only for 18S-V1 and 18S-V4 (Table S 6) . 323
This supported observations in relative taxonomic compositions, which were more 324 similar between samples based on DNA (Fig. 4) , a pattern consistent across cores within each 325 site (Fig. S 5) . Expectedly, when looking at read numbers, resolved taxonomic structures 326 were also more similar among DNA-based methods (Fig. S 6) . Comparing read and cluster 327 abundances revealed that relative taxonomic compositions based on read numbers (Fig. S 6)  328 were comparable to those based on cluster numbers (Fig. 4) for micro-eukaryotes and 329 prokaryotes, and confirmed that this was not the case for metazoans. 
Discussion
333
The aim of this study was to evaluate different molecular methods in order to select 334 the most appropriate eDNA metabarcoding protocol to inventory contemporary deep-sea 335 communities, with the lowest possible bias due to aDNA. 336
Using RNA rather than DNA to inventory contemporaneous communities has been 337 suggested as a means of avoiding the bias due to long-term persistence of DNA in marine 338 sediments. Indeed, RNA is only produced by living organisms and is thought to quickly 339 degrade when released in the environment, due to spontaneous hydrolysis and the abundance 340 of RNases (Torti et al., 2015) . Expectedly, in our COI dataset, RNA resulted in less OTUs 341 ( Fig. 1 ) and detected less phyla (Fig. 2 ) than co-extracted DNA. Contrastingly, for ribosomal 342 loci, RNA detected higher cluster numbers than co-extracted DNA (Fig. 1) , resulting in more 343 clusters per sample for most of the taxonomic groups detected (Fig. 2) . In these joint datasets, 344 45-63% of clusters were unique to RNA (Fig. S 2) . These unique clusters were not singleton 345 clusters as only up to 2.2% of them had less than three reads, even if 5-28% had less than ten 346 reads (data not shown). Although proportions vary strongly among investigations, other 347 studies using ribosomal loci have also reported increased recovery of OTUs in RNA datasets, 348 and considerable amounts of unshared OTUs between joint RNA and DNA data ( hydrolysis by water molecules (Torti et al., 2015) . The degradation of rRNA is thus likely to 355 be much slower than that of mRNA, which, combined with decreased digestion by RNases 356 due to adsorption onto sediment particles (Torti et al., 2015) , makes long-term persistence of 357 rRNA possible, and observed in sediments and even in fossils (Cristescu, 2019; Orsi et al., 358 2013 ). Moreover, rRNA may generate excessive numbers of molecular clusters due to 359 increased intraspecific polymorphism caused by stronger selection pressure on secondary 360 structure rather than on rDNA sequences. Finally, the great abundance of RNA over DNA in 361 living organisms (e.g. 20.5% vs 3.1% in E. coli) may also favour its persistence in the 362 environment. This is especially true for rRNA, which is represented in a cell's RNA pool as 363 many times as there are ribosomes, while only being present in a few copies (10-150) in the 364 genome (Torti et al., 2015) . 365
While RNA has been reported as an effective way to depict the active community (variation in rDNA copy number) among taxonomic groups, rather than different relative 372 activities (Massana et al., 2015) . Thus, environmental RNA data need to be interpreted with 373 caution, as some molecular clusters could be overrepresented due to increased cellular 374 activities (Pochon, Zaiko, Fletcher, Laroche, & Wood, 2017) . This could explain the higher 375 cluster numbers detected for ribosomal loci with eRNA compared to eDNA for several taxa 376 ( Fig. 2) . 377
Moreover, many of the unique RNA OTUs may be artefacts from the reverse 378 transcription of RNA to cDNA, a process known to generate errors that are difficult to 379 measure and detect in bioinformatic analyses , but highlighted by the 380 greater amounts of chimeras detected in RNA extracts with ribosomal loci. This 381 overestimation of RNA-based data will affect non-clustered data more than clustered 382 datasets, in line with the results observed here for microbial ASVs and metazoan OTUs. 383
In terms of beta diversity patterns, although RNA and DNA detected significantly 384 different communities (Table 1, Fig. 3 ), DNA and RNA samples resolved similar spatial 385 configurations, with samples clustering by site (Fig. 3) . This is consistent with Guardiola et 386 al. (2016) , who also reported similar patterns of ecological differentiation between DNA and 387 RNA in deep-sea sites although both datasets resolved different communities. However, 388 spatial variation was more pronounced with DNA samples for eukaryotes, which is congruent 389 with Laroche et al. (2017) , who suggested that eDNA may be more reliable for assessing 390 differences in community composition. 391
Thus, due to its suspected persistence in the environment, and the unknown but 392 potentially additional sources of bias suspected here, using eRNA for metabarcoding of deep-393 sea sediments does not seem to effectively address the problem of aDNA, and even less so 394 for ribosomal loci. Other studies suggested that a more efficient way to deal with aDNA may 395 be to use joint RNA and DNA datasets, and trim for shared OTUs 396 Pochon et al., 2017) . This is however particularly stringent (given the low shared OTU 397 proportions observed in this and other studies), and may result in a substantial number of 398 false negatives. With COI, while mRNA may be more effectively targeting living organisms, 399 the approach remains confronted with the taxonomic bias mentioned above, combined with 400 higher in vitro lability of mRNA making it more challenging to work with (highlighted by the 401 increased failure of RNA extracts in this study, Table S 5) . 402
403
Removing small DNA fragments via size-selection (removing fragments < 1,000 bp) 404 or ethanol reconcentration of DNA did not affect recovered cluster numbers in any of the 405 biological compartments investigated (Fig. 1) . The methods also did not result in any 406 significant difference in community structures (Table 1) showed that richness patterns were strikingly different in several metazoan phyla between 430 extracellular DNA and total DNA. The authors suggested this to be the result of activity bias: 431 sponges and cnidarians were overrepresented in the extracellular DNA pool because they 432 continuously expel DNA, while nematodes were underrepresented as their cuticles shield 433 DNA (Guardiola et al., 2016) . As this comparison was performed on samples collected in two 434 consecutive years, differences observed may partly result from temporal variation. However, 435
another study of shallow and mesobenthic macroinvertebrates showed that targeting solely 436 the extracellular eDNA compartment of marine sediments led to the detection of more than 437 100 taxa less than bulk metabarcoding or morphology, suggesting that extracellular DNA 438 may not be adequate for marine sediments (Aylagas, Borja, Irigoien, & Rodríguez-Ezpeleta, 439 2016). 440
441
Larger amounts of sediment (≥10g) allowed detecting significantly more eukaryotic 442 clusters. This was not true for prokaryotes, for which both 2 g and 10 g of sediment detected 443 similar numbers of ASVs (Table 1, Fig. 1 ). It may be suggested that in joint the RNA/DNA 444 kit, DNA elution occurring after RNA elution induces partial DNA loss. However, such 445 effect would be expected to equally affect eu-and prokaryotes, which was not the case here, 446 supporting the fact that quantity of starting material significantly affects results for 447 eukaryotes. The importance of adjusting the amount of starting material to the biological 448 compartment investigated has already been documented Dopheide, Xie, 449 Buckley, Drummond, & Newcomb, 2019), and this study confirms that while 2-4 g of deep-450 sea sediment may be enough to capture prokaryote diversity, microbial eukaryotes and 451 metazoans are more effectively surveyed with larger sediment volumes. 452
Finally, the 2 g protocols were generally associated to results with higher variability 453 among replicate cores for all loci investigated (Fig. 1, Fig. 3 ). This variability increases 454 confidence intervals, reduces statistical power, and increases the risk of not identifying 455 differences among communities, and thus impacts in EIA studies (Type II errors). Small-456 scale (cm to metres) patchiness has often been reported in the deep-sea ( 
